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Abstract – The changes in the dynamics of cladocerans in Lake Vela (Portugal), as well as the morphologic
and life history traits of the small-bodied cladoceran Ceriodaphnia pulchella, were studied intensively during
one month characterized by deep and fast changes in the phytoplankton community: the beginning of the
cyanobacteria dominance. Lake Vela, located in the Mediterranean region, is a polymictic shallow lake
exhibiting characteristics typical of an advanced trophic status, namely the permanently turbid water,
the reduction in biodiversity and the occurrence of cyanobacteria blooms. The density and composition of the
cladocerans populations varied considerably during the short-term period analyzed. Coincident with the
increase of cyanobacteria, the density of Daphnia longispina decreased drastically, associated with an increase
of Bosmina longirostris and Chydorus sp. The constant density of C. pulchella, even during the cyanobacteria
dominance, and the strong relationship found between weight and size, suggests that the low quality of phyto-
planktonic food in Lake Vela did not play an important role in its fitness. Besides the small size of C. pulchella,
this fact could be also related to its diversified diet. Nevertheless, a closer examination of the life history
parameters of C. pulchella revealed a reduction in the fecundity, size at first reproduction, mean size of
ovigerous females and maximum size of the population, which suggest an increase of the fish pressure after
the decline of Daphnia. C. pulchella showed also a short-life cycle and a fast turnover of individuals, which
constitutes also an advantage, allowing a fast adaptive response of the population.
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Introduction
Zooplankton holds a central position in most tem-
perate lakes, reservoirs and ponds. In particular, clado-
cerans, which generally contribute largely to zooplankton
biomass (Hessen et al., 2003), are a key element in the
freshwater food webs. They control the algal growth by
efficient grazing, and are important diet for zooplankti-
vorous fish (e.g., Christoffersen et al., 1993). Thus, clado-
cerans are an important link in the transmission of the
energy from the primary producers to the top consumers.
Cladocerans are constantly exposed to a great variety
of environmental factors, whose fluctuations constrain
the size, reproduction and survival of populations.
According to the conceptual model developed by the
Plankton Ecology Group (PEG model), the most impor-
tant environmental factors controlling zooplankton dy-
namics are water temperature, supply of edible phyto-
plankton and fish predation (Sommer et al., 1986). Water
temperature constrains the life history traits of zooplank-
tonic organisms by changing metabolic rate and activity
level, with direct effects on growth and reproduction
(Burns, 1969; Goss and Bunting, 1983; Orcutt and Porter,
1984). In freshwater ecosystems, cladocerans are faced
with a great diversity of resources of different quality.
Since their capacity of selection is limited, the quality
and quantity of food are determinants in their life history
traits (Lampert, 1978; Vanni and Lampert, 1992; Mu¨ller-
Navarra and Lampert, 1996; Greenwood et al., 1999;
Hulsmann, 2001; Becker and Boersma, 2003). Direct and
indirect effects of fish are also key factors in the structuring
of cladoceran communities. In addition to the large impact
of size selective predation, zooplanktivorous fish also in-
fluence the morphology, life history traits and behaviour
of zooplanktonic prey species through the release of
infochemicals (Stibor, 1992; Gliwicz, 1994; Reede, 1995;
Boersma et al., 1998).
Cladocerans are known to deal with environmental
pressure through a variety of adaptive responses, including
phenotypic plasticity (Lampert, 1993, 1994; Boersma et al.,*Corresponding author: njabrantes@ua.pt
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1998; Tollrian and Dodson, 1999). One of the best-studied
examples of inducible defences are the responses exhibited
by Daphnia to predation. Daphnids are able to adapt their
life history performances (e.g., size and age at maturity),
their morphology (e.g., neck spines) or their behaviour
(e.g., dial vertical migration) (Hulsmann et al., 2004).
Likewise, depending on the food quantity, Daphnia is also
able to adjust their life history traits to optimally allocate
the available resources. In low-food conditions, daphnids
allocate more energy resources to self-maintenance in
detriment to reproduction, while at high-food supply
their investment in reproduction is favoured (Polishchuk
and Vijverberg, 2005; Smolders et al., 2005). Lampert
and Brendelberger (1996) also report the investment of
Daphnia species in more efficient mechanisms of food
collection as an adaptation to low-food concentrations
(e.g., larger filter combs, mesh sizes, and appendage beat
rates).
Shallow lakes in the Mediterranean region, and
particularly in the Iberian Peninsula, constitute singular
ecological niches and are important reservoirs of bio-
diversity (Castro and Goncalves, 2007). However, the vast
majority of this type of ecosystem is long facing eutro-
phication, a process that is accelerated by anthropogenic
activities. Lake Vela, located at the west coast of Portugal,
is no exception. Massive cyanobacteria blooms (e.g.,
Aphanizomenon flos-aquae and Microcystis aeruginosa
blooms) have become increasingly frequent and large fish
kills have occurred in recent years in Lake Vela (Abrantes
et al., 2006; de Figueiredo et al., 2006). Moreover, the
native fish community has been completely replaced by
alien fish (mainly pumpkinseed sunfish). Sampling pro-
grams recently performed have also shown that Daphnia-
dominance periods were short and that small-bodied
forms were usually dominant (Abrantes et al., 2006;
Castro and Goncalves, 2007). Therefore, this lake is
becoming a progressively more impoverished ecosystem,
hence requiring a full understanding of its present status in
order to implement restoration measures.
Although demographic studies with zooplanktonic
species and general hypotheses and patterns of plankton
succession are well described for temperate lakes (Sommer
et al., 1986), only a few studies have appeared on shallow
lakes with Mediterranean climate and extreme eutrophic
conditions associated to cyanobacteria blooms. Moreover,
the generality of the studies have focused on the role of
Daphnia, and little attention has been paid to the role of
small-bodied cladocerans in the food web (e.g., Balseiro
et al., 1992; Vijverberg and Boersma, 1997; Greenwood
et al., 1999; Viroux, 2002), which are generally more
abundant than large-bodied species (i.e., Daphnia) in
eutrophic lakes.
In this study, particularly focused on the small-bodied
cladoceran Ceriodaphnia pulchella, we intend to provide
additional information on the dynamics of cladocerans
in lake Vela during a short-term period characterized by
deep and fast changes in the plankton community: the
beginning of the cyanobacteria dominance. Moreover, we
aim also to gain better insight into adaptive responses
of C. pulchella to deal with those new environmental
conditions.
Material and methods
Study site
Lake Vela, located in the west coast of Portugal
(40x5'N8x8'W, 45 m a.s.l), is a temperate eutrophic shallow
lake (mean depth=0.9 m; maximum depth=2.4 m) with
70 ha of surface area and a total volume of 70r104 m3
(Fig. 1). It is surrounded, on the east side, by agricultural
lands and some human settlements and, on the west side,
by a Pinus spp. forest. Due to the regular nutrient inputs,
the lake is highly eutrophic (Abrantes et al., 2006). It
is characterised by permanently turbid water, without
a spring clear water phase, and algal blooms are fre-
quently observed, namely in the warmer seasons.
Fig. 1. Location of Lake Vela (Figueira da Foz, Portugal).
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The phytoplankton is dominated by cyanobacteria,
Bacillariophyceae (e.g., Cyclotella spp.) and Chlorophyta
(de Figueiredo et al., 2006). Submerged macrophytes
are scarce and the macrophyte community is dominated
by Nymphaea alba (Castro and Goncalves, 2007). The
crustacean zooplankton is dominated by small-bodied
cladocerans, cyclopoid copepods and nauplii. The main
planktivorous fish in Lake Vela are Lepomis gibbosus,
Gambusia holbrooki and Micropterus salmoides, which are
all species introduced in the last century (Castro and
Goncalves, 2007).
Sampling strategy and parameters analysed
Sampling was carried out every other day near surface
(0.4 m in average) in the pelagic zone of the lake, during
approximately one month (from March 31 to May 2 of
2001). Water temperature, conductivity, pH and dissolved
oxygen were determined in situ using portable probes
(WTW LF 330 conductivity meter, WTW 340-A pH meter
and WTW OXI 320 oxygen meter). For cladoceran
analysis, 20-L water samples (three replicates per sam-
pling) were collected and concentrated by filtration
through a 55-mm-mesh screen. Each sample was immedi-
ately placed in 4% sugar formalin for zooplankton
preservation (Haney and Hall, 1973). In the laboratory,
zooplankton samples were sorted and cladoceran taxa
were identified and enumerated through a binocular stereo-
scope, using the keys of Scourfield and Harding (1966)
and Amoros (1984a, 1984b). Chlorophyll a was taken as
a measure for total phytoplankton biomass, and was
determined spectrophotometrically according to methodo-
logies described by (A.P.H.A., 1995). Phytoplankton
samples were collected in the beginning, in the middle
and at the end of the study (March 31, April 14 andMay 2,
respectively). One-L samples were preserved in lugol
(1% v/v) for later identification and enumeration. The
identification of phytoplankton species was made by
observation through a light microscope using dif-
ferent references for Cyanoprokaryota (Geitler, 1932;
Koma´rek and Anagnostidis, 1999), Bacillariophyceae
(Krammer and Lange-Bertalot, 1986–1991) and Chloro-
phyta (Chlorococcales) (Koma´rek and Fott, 1983). The
enumeration was performed according to Lund et al.
(1958) with at least 400 cells counted.
C. pulchella population analysis
For C. pulchella, in addition to the abundance data, the
body-length was also measured (from the top of the head
to the base of the tail spine), as well as the fecundity
(number of eggs per adult). Demographic parameters were
calculated following (Paloheimo, 1974). The instantaneous
birth rate (b) was determined according to equation (1):
b ¼ lnð1þ E0=n0Þ=D ð1Þ
where E0 is the number of eggs, n0 the number of
individuals and D is the egg development time in days.
The egg development time was obtained from laboratory
experiments (Abrantes and Goncalves, 2003). The pre-
sence of males, ephippia and cyclomorphosis, were recor-
ded whenever they occurred. The size at first reproduction
was estimated according to Lampert (1988). The rate of
population increase (r, day–1) was calculated from the
equation (2):
r ¼ ðln nt  ln n0Þ=t ð2Þ
where n0 is the initial population size, nt is the final
population size, and t the time interval between two
sampling dates (Wetzel, 1993). The death rate (d) was
determined by the equation (3):
d ¼ b r: ð3Þ
The biomass of approximately 400 specimens of C. pul-
chella was estimated and a length-dry weight regression
analysis was performed according to Bird and Prairie
(1985) (4):
LnC¼ ln aþ b lnL ð4Þ
where a and b are fitted constants, C is the weight (mg) and
L the body length (mm). Linear regression analyses were
also used to determine the significance of the relationships
between C. pulchella population parameters and biotic and
abiotic variables.
Since cladocerans reproduce continuously, it is impossi-
ble to distinguish cohorts directly. Therefore, to analyse
the cohorts’ evolution along the study period, we
performed a modal analysis on the females’ body length
frequencies, using the software ANAMOD (Nogueira,
1992).
Results
Environmental parameters and cladoceran
community
The variation of the physico-chemical parameters and
phytoplankton is presented in Figure 2. Water tempera-
ture, pH, dissolved oxygen and conductivity were rela-
tively constant during the study period. The mean water
temperature was 17.8 xC, ranging from 15.2 to 21.0 xC.
pH values were alkaline and the dissolved oxygen levels
were relatively high. Chlorophyll a content varied in time
between ca. 15–53 mg.Lx1, with an increasing trend at the
end of April-start of May. Phytoplankton showed a high
density, ranging from 1.6r106 cell.mL–1 at the beginning
of the study to 10.8r106 cell.mL–1 at the end. However,
its diversity was essentially limited to Chlorophyta,
Bacillariophyceae and cyanobacteria. The Chlorophyta
community was constituted mainly of cenobial forms
of large size (e.g., Coelastrum reticulatum, Pediastrum
simplex, Pediastrum duplex and Scenedesmus sp.). All the
Bacillariophyceae were filamentous, except Stephanodiscus
sp. and Cyclotella sp., and the major species of cyanobac-
teria were the filamentous A. flos-aquae and the colonial
M. aeruginosa. A shift in the phytoplankton dominance
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was recorded during the study period. Chlorophyta, the
dominant group at the beginning, was replaced by
cyanobacteria, whose increase was due to the occurrence
of the A. flos-aquae bloom. Nevertheless, an increase
in Chlorophyta was also observed. In contrast, Bacillario-
phyceae showed a slight decrease during the study
period.
The major cladoceran taxa recorded were Daphnia
longispina, Bosmina longirostris, Ceriodaphnia pulchella
and Chydorus sp. (Fig. 3). In general, D. longispina and
B. longirostris were the dominant cladocerans. The peak
recorded for D. longispina was coincident with the
minimum density of B. longirostris. After April 20, the
density of D. longispina decreased drastically, associated
with an increase of B. longirostris and Chydorus sp.
C. pulchella showed a low density when compared with
previous studies, in which C. pulchella was one of the most
prevalent species (Barros, 1994). Moreover, its density was
rather constant during the study period.
C. pulchella population analysis
The variations in the population parameters of
C. pulchella are illustrated in Figure 4. The instantaneous
birth rate (b) showed several fluctuations, with a slight
declining trend over time. The death rate (d) and the
instantaneous rate of population increase (r) varied during
the study period but did not show any clear trend.
The mean fecundity and the percentage of ovigerous fe-
males also showed a decreasing tendency throughout the
study. The mean fecundity varied between 3.8 eggs.adultx1
in April 4 to 1.4 eggs.adultx1 in April 30. The percentage
of ovigerous females showed high variations, ranging from
a maximum of 55% on April 10 to a minimum of about
8% on April 20. The percentage of males was very low,
with a maximum of 3.9% recorded at the beginning of
the study. During the whole study period the presence
of individuals with ephippia or cyclomorphosis was not
observed. The size at first reproduction, in general, de-
creased from 0.55 mm to 0.50 mm after April 14. The
mean size of the ovigerous females as well as the maximum
size attained by adults showed an analogous trend to some
of the above-mentioned parameters (i.e. with a slight
decreasing trend during the study period).
The results of the regression analyses are shown in
Table 1. Statistically significant linear relationships were
detected between fecundity and percentage of ovigerous
females, mean size of ovigerous females and maximum size
of adult population. The length/weight regression also
showed a statistically significant linear relationship with
a high coefficient of determination (r2=0.936). Water
temperature and chlorophyll a did not show any signifi-
cant relationship with the demographic and morphologic
parameters analysed.
The modal analysis performed to C. pulchella popu-
lation allowed the identification of approximately 21 co-
horts throughout the study period (Fig. 5). This analysis
Fig. 2. Environmental variables recorded in Lake Vela during the study period.
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Fig. 3.Densities of the main cladoceran taxa observed during the study period in Lake Vela. A log scale was used to display densities in
order to facilitate the comparison of different orders of magnitude of the several taxa.
Fig. 4. Population parameters of Ceriodaphnia pulchella recorded during the study period.
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showed also that C. pulchella was characterized by a short-
life cycle and a short generation time.
Discussion
In general, the literature on environmental fluctuations
of phytoplankton and zooplankton is focused on seasonal
and annual patterns and therefore the short-term varia-
tions are dismissed. The present study provides evidence of
the short-term changes in the population dynamics that
occurred as a consequence of the cyanobacteria domi-
nance in Lake Vela.
The high chlorophyll a content and the high cyano-
bacteria density recorded in Lake Vela are representative
characteristics of eutrophic lakes (Jeppesen et al., 1999).
The variation observed for chlorophyll a, particularly the
increase recorded after April 20, was very likely associated
with the occurrence of the A. flos-aquae bloom that was
responsible for the cyanobacteria increase. The warm
temperatures in spring, typical of Mediterranean regions,
possibly allied with cladoceran grazing pressure on small
edible phytoplankton, enable the faster growth of cyano-
bacteria in Lake Vela, and consequently promote its
dominance and the bloom development (Abrantes et al.,
2006).
Cyanobacteria are widely considered low quality food
for zooplankton, particularly for Daphnia sp., due to their
filamentous or colonial structure, nutritional inadequacy
and toxin production (e.g., Arnold, 1971; Haney, 1987;
Lampert, 1987; Reinikainen et al., 1994; Gulati and
DeMott, 1996; Repka, 1996, 1997; DeMott, 1999;
DeMott et al., 2001; Rohrlack et al., 2001; Ghadouani
et al., 2003). In particular, the main cyanobacteria species
recorded in Lake Vela during the study period (A. flos-
aquae), have been reported as toxic species, able to
produce toxins (e.g. PSP) (Vasconcelos et al., 1993;
de Figueiredo et al., 2004a, 2004b). Moreover, beside the
toxins’ effects on zooplanktonic species, clogging by large
cyanobacterial colonies, have been also suggested as the
main mechanism responsible for the zooplankton decline
(Ghadouani et al., 2006). On the other hand, the large sizes
assumed by the diatoms and cenobial Clorophyta species
recorded during the study period exclude them from the
small cladocerans diet. In this way, although Lake Vela is
very productive, this does not necessarily imply high
quantity and quality of phytoplanktonic food for
cladocerans.
In general, small-bodied size cladocerans are less
affected by cyanobacteria (Berzins and Pejler, 1989;
Radwan and Popiolek, 1989; Pinel-Alloul, 1993), and the
replacement of large species by small ones is common
during periods of cyanobacteria dominance (Lampert,
1982). These findings were also observed in Lake Vela.
A drastic reduction in the D. longispina abundance was
coincident with the increase of cyanobacteria density, and
simultaneously an increase in the density of the small
cladocerans B. longirostris and Chydorus sp. was observed.
Regarding the low variability in C. pulchella density
throughout the study, even during the cyanobacteria
dominance, it seems that this species was also not affected
by cyanobacteria, particularly by the filamentous species
Table 1. Simple linear relationships between several variables. The regression lines and respective coefficients of determination (r2)
are shown for each regression. In this table are only presented the statistically significant linear relationships found (pj0.05).
Variables Slope r2 p
Fecundityrpercentage of ovigerous females 0.032 0.284 0.027
Fecundityrmean size of ovigerous females 26.155 0.417 0.005
Fecundityrmaximum size of adult population 12.748 0.245 0.044
Weight (ln)rBody length (ln) 1.842 0.936 <0.001
Fig. 5. Evolution of Ceriodaphnia pulchella cohorts (C1–C21) during the study period. Dashed lines represent possible evolutions.
Error bars indicate the standard error.
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A. flos-aquae. Besides the small size of C. Pulchella that
limits the ingestability of large filaments, this fact could be
also related to its diversified diet, particularly with the
efficient consumption of bacteria when the edible algal
items are limited (DeMott, 1989). Moreover, C. pulchella
population showed a stronger relationship between weight
and size, reinforcing the idea that the low quality of
phytoplanktonic food did not play an important role on its
fitness (Duncan, 1985).
Temperature is also a major factor that influences the
life history traits of cladocerans (Burns, 1969; Goss
and Bunting, 1983; Orcutt and Porter, 1984). However
the water temperature showed relative constant values
throughout the study with no apparent effects on the
cladocerans dynamics. Despite this, it is important to
consider the contribution of temperature to the massive
growth of cyanobacteria (Abrantes et al., 2006), which
consequently constrains the cladoceran populations, as
already reported.
During the study period, C. pulchella exhibited a
decrease in the maximum body size and size at first
reproduction, which is concordant with size-selective
predation from fish hypothesis (Machacek, 1991; Stibor,
1992; Gliwicz, 1994). Based on this hypothesis, when
the density of the largest cladoceran in Lake Vela (i.e.
D. longispina) decreased considerably, probably as a
consequence of the increase of cyanobacteria, C. pulchella
becomes the species mainly predated by fish due to its
larger size compared with B. longirostris and Chydorus sp.
Although fish densities were not measured, parallel works
confirmed the presence of several planktivorous fish in
Lake Vela (e.g., Lepomis gibbosus and Gambusia holbrooki
and age-0Micropterus salmoides). Moreover, Castro et al.
(2007) highlight the important role of planktivorous
fish on zooplankton in Lake Vela. On the other hand,
predatory pressure from pelagic invertebrates is negligible,
as potential predators, such as Chaoborus, are rarely found
in Lake Vela. The decrease in the fecundity of C. pulchella
observed during the study, which was associated with the
mean size of ovigerous females and maximum size of the
population, can be explained by the selective removal of
individuals with larger clutches by planktivorous fish.
Regarding the life-history traits of C. pulchella and the
output of the modal analysis, a fast turnover of individuals
in a short-term equilibrium (with similar birth and death
rates) was noticeable. This feature could also constitute
an advantage for C. pulchella under short-term variations
in environmental conditions, allowing a fast adaptive
response of the population.
There is a wealth of literature documenting the
plasticity of morphological and life-history traits of
cladocerans as a response or adaptation to environmental
variations. However, the changes shown by organisms, in
general, do not occur as a response to a single factor, but
to a complexity of interactions generated by a wide range
of factors (Machacek, 2001). On these grounds, even when
we know the impacts generated by an isolated factor, we
are not sure of its influence among other factors interact-
ing under various field scenarios. In this way, although the
results showed a clear variation in the cladocerans
structure and in the morphologic and life-history traits of
C. pulchella during the sort-term period of study, we can
only hypothesize about the relative importance of a certain
factor. Nevertheless, this study underpinned the impor-
tance of considering the short-term variations of the
environmental factors in limnological studies.
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